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Early HIV-1 reverse transcription can be separated into initiation and elongation phases. Here we show,
using PCR analysis of negative-strand strong-stop DNA [(2)ssDNA] synthesis in intact virus, that different
reverse transcriptase (RT) inhibitors affect distinct phases of early natural endogenous reverse transcription
(NERT). The effects of nevirapine on NERT were consistent with a mechanism of action including both specific
and nonspecific binding events. The nonspecific component of this inhibition targeted the elongation reaction,
whereas the specific effect seemed principally to be directed at very early events (initiation or the initiation-
elongation switch). In contrast, foscarnet and the nucleoside analog ddATP inhibited both early and late
(2)ssDNA synthesis in a similar manner. We also examined compounds that targeted other viral proteins and
found that Ro24-7429 (a Tat antagonist) and rosmarinic acid (an integrase inhibitor) also directly inhibited
RT. Our results indicate that NERT can be used to identify and evaluate compounds that directly target the
reverse transcription complex.

Human immunodeficiency virus type 1 (HIV-1), like all ret-
roviruses, uses a virally encoded reverse transcriptase (RT) to
convert its positive-strand RNA genome into double-stranded
DNA (2, 56). Synthesis of the first product of reverse tran-
scription, 181 nucleotides (nt) of single-stranded DNA called
negative-strand strong-stop DNA [(2)ssDNA], is subject to
complex regulation by both cellular and viral factors. A ribo-
nucleoprotein complex composed of (at least) RT and a cell-
derived tRNA3

Lys molecule initiates reverse transcription from
the primer binding site (PBS) (54), an 18-nt viral genomic se-
quence complementary to the 39 end of tRNA3

Lys. A specific
reverse transcription initiation complex (RTIC) is thought to
form as a result of intrastrand base pairing between the viral
A-rich loop sequences located upstream of the PBS and the
tRNA3

Lys anticodon loop sequences, together with intermolec-
ular interactions between tRNA3

Lys, RT, and viral genomic
RNA (23, 25).

Many viral factors, including Nef (1), Vif (12, 51, 61), matrix
protein (MA) (28), nucleocapsid protein (NCp7) (36, 49), in-
tegrase (IN) (40, 66), and Tat (17), affect the efficiency of
reverse transcription. Viruses mutated or deleted in the nef, vif,
or matrix genes showed decreased reverse transcription effi-
ciency as a result of defective virus formation and/or postentry
capsid uncoating. NCp7 greatly facilitates strand transfer and
reduced pausing of RT at RNA stem-loop structures during
reverse transcription (14, 26). Viruses lacking IN or Tat are
defective for initiation of reverse transcription, but this defect

can be rescued by trans complementation in the virus-infected
cell (60, 66). Analysis of mutated IN and tat genes has shown
that their roles in reverse transcription are distinct from their
other well-characterized roles in virus replication, but the
mechanisms by which IN and Tat affect reverse transcription
are not known.

Lanchy et al. (34) and Thrall et al. (57) have described the
kinetics of HIV-1 reverse transcription. A general mechanism
of DNA synthesis by RT includes binding of RT to the tem-
plate, binding of the appropriate nucleotide, chemical synthe-
sis (phosphodiester bond formation), and release of pyrophos-
phate. Pre-steady-state kinetic measurements indicate that the
rate-limiting step during the incorporation of a single nucleo-
tide is the conformational change of the RT complex from
an inactive to an active form (63), which precedes covalent
bond synthesis. In addition, the RTIC, which forms around
an RNA-RNA duplex, must alter its conformation to accom-
modate RNA-DNA hybrids during RNA-dependent synthesis
of (2)ssDNA (27). The requirement for a conformational
change in RT and the contacts in the narrow minor groove
around the DNA-tRNA junction are major factors responsible
for early (11 to 15) pause sites observed in reverse transcrip-
tion in vitro (reviewed in reference 13). Virion-derived tRNA3

Lys

placed on the RNA genome is found both in an unextended
form and with the first two bases of (2)ssDNA added (22),
suggesting that reverse transcription initiation is somehow re-
stricted in intact viruses obtained from tissue culture superna-
tants. In other respects, DNA synthesis by HIV-1 RT is kinet-
ically similar to the actions of other polymerases, although
HIV-1 RT is particularly susceptible to pausing caused by RNA
stem-loop structures that can dislodge it from the template (9,
18, 34, 55).

Intact HIV-1 can carry out reverse transcription of at least
part of its genome in physiological milieux, without the mild
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detergent treatment used to permeabilize virions in classical
endogenous reverse transcription (ERT) assays (39, 58). Intra-
virion DNA synthesis in the absence of permeabilizing agents
has been termed natural ERT (NERT) to distinguish it from
the somewhat artificial process which takes place in standard
ERT assays (69). NERT is made possible by the amphipathic
domains of the gp41 transmembrane protein, which render the
HIV-1 envelope permeable to a range of small molecules (68).
In vivo, NERT is an active process which is responsive to the
virion microenvironment. Virus isolated from seminal plasma,
which contains high levels of deoxynucleoside triphosphates
(dNTPs), contained much higher levels of full-length or nearly
full-length intravirion reverse transcripts than did virus iso-
lated from the blood of the same patients (69). Moreover, the
ability of purified virions to infect initially quiescent T cells and
nonproliferating cells such as macrophages was significantly
increased by preincubation of the virions with seminal plasma
(69), indicating that NERT may be an integral part of the viral
life cycle and play an important role in the infection of non-
dividing cells. NERT is also susceptible to inhibition in vivo:
the levels of intravirion reverse transcripts in virus isolated
from the blood of HIV-infected patients dropped dramatically
after commencement of nevirapine (NVP) therapy and re-
bounded to pretreatment levels concomitant with the develop-
ment of NVP resistance in the virus (70). Virion infectivity also
decreased dramatically in response to NVP therapy and re-
turned almost to pretreatment levels with the development of
NVP resistance (70), indicating that the antiviral effects of
NVP begin with cell-free virions.

In the present study, we used a PCR-based assay to measure
NERT in order to investigate the effects of RT inhibitors on
early reverse transcription in intact virions. Compounds that
target RT, Tat, or IN were tested for their ability to inhibit
both NERT and the activity of recombinant HIV-1 RT in vitro.
Our data indicate that although all of the compounds tested,
including those with anti-Tat and anti-IN activities, could di-
rectly inhibit RT, their effect on early and late (2)ssDNA
synthesis produced strikingly different inhibition profiles.
Analysis of the relationship between inhibition and drug con-
centration showed that nucleotide or pyrophosphate (PPi) an-
alogs had similar effects on both early and late (2)ssDNA
synthesis, a pattern consistent with inhibition of the elongation
reaction. In contrast, nonnucleoside inhibitors of RT had dif-
ferent effects on early and late (2)ssDNA synthesis, which
were consistent with inhibition of very early reverse transcrip-
tion, the most likely targets being initiation or early pausing
associated with the transition to elongation (24, 37). Since the
use of intact virus preserves all of the viral and cellular factors
that contribute to efficient reverse transcription, these results
demonstrate the utility of the NERT-PCR assay as a probe to
examine the mechanisms of drug action and to identify novel
antiretroviral compounds with unique mechanisms of action.

MATERIALS AND METHODS

Cells and virus. Virus was grown in stably transfected 293 cells and Jurkat T
cells. The isolation and characterization of a 293 cell line stably transfected with
wild-type (HXB2-neo) HIV-1 is described elsewhere (16). 293 cells were cul-
tured in Iscove’s modified Dulbecco’s medium supplemented with 5% newborn
calf serum, 2% fetal bovine serum, 1% penicillin-streptomycin (pen/strep; Life
Technologies), and 0.5 mg of Geneticin per ml. Jurkat cells were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum, 1% pen/strep, and 1

mg of Geneticin per ml. Cell culture supernatants were filtered through poly-
ethersulfone membranes with a pore size of 0.45 mm (Nalgene) and stored in
aliquots at 280°C for use as virus stocks. Aliquots were used only once after
thawing, and the stocks were not stored for more than 6 months.

Drugs. Phosphonoformic acid (PFA; foscarnet), phosphonoacetic acid (PAA),
ddATP, ddTTP, rosmarinic acid (RA), and curcumin were purchased from
Sigma Aldrich (Sydney, Australia). The benzodiazepins Ro 5-3335 (Ro5) and Ro
24-7429 (Ro24) were kindly provided by Roche Products. NVP was obtained
from commercial drug preparations (Viramune, 200 mg; Boehringer, Ingelheim,
Germany).

NERT assay. Virus stocks were assayed for total RT activity on a synthetic
homopolymer template in the presence of detergent, using a commercial en-
zyme-linked immunosorbent assay (ELISA) kit (Roche) as specified by the
manufacturer. Aliquots of virus (typically 0.25 mU of RT) were incubated for 30
to 60 min at 37°C, with or without inhibitors, in a final volume of 100 ml of
Iscove’s modified Dulbecco’s medium supplemented with 50 U of DNase I
(Worthington Biochemical) and 10 mM MgCl2. Enzymatic activity was then
terminated in controls by the addition of 150 ml of stop solution (10 mM
Tris-HCl [pH 7.4], 10 mM EDTA, 20 mg of sheared salmon sperm DNA per ml,
50 mg of proteinase K per ml) followed by incubation for 10 min at 37°C and then
a further 10 min in a boiling-water bath. The remaining assay mixtures were
supplemented with 200 mM dNTPs and incubated at 37°C for 90 min, and the
reactions were then terminated as described above. Samples of each stopped
reaction mixture were serially diluted in twofold steps, and each dilution was
assayed for HIV-1 DNA by quantitative PCR using combinations of the follow-
ing HIV-1-specific oligonucleotides (Fig. 1): S1 (59-CAA GTA GTG TGT GCC
CGT CTG TT-39), P1 (59-TAG AGA TCC CTC AGA CCC TTT-39), P2 (59-
CTG CTA GAG ATT TTT CCA CAC TGA C-39), D1 (59-GGT CTC TCT GGT
TAG ACC A-39), and D2 (59-AAG CAG TGG GTT CCC TAG TT AG-39). One
primer in each pair was labeled with 32P using T4 polynucleotide kinase, and the
reaction products were resolved on 6% polyacrylamide–Tris-borate-EDTA
(TBE) gels and detected using a PhosphorImager (Molecular Dynamics, Sunny-
vale, Calif.). PhosphorImager data were analyzed with ImageQuant software
(Molecular Dynamics). PCR standard curves were generated using proviral plas-
mid DNA serially diluted in mock stop solution containing MgCl2 (MMS) (6 mM
Tris-HCl [pH 7.4], 6 mM EDTA, 12 mg of sheared salmon sperm DNA per ml,
4 mM MgCl2), and samples were diluted in MMS to keep all signals within the
linear range of the assay (approximately 75 to 2,500 copies). At least two (typ-
ically three or four) dilutions of every sample were assayed, and data sets in
which the linear correlation coefficient of the standard curve was less than 0.98
were not included in further analysis.

RESULTS

NERT. Intact virus was incubated with 200 mM total dNTPs
for 90 min at 37°C in the presence of DNase I, and the reac-
tions were terminated by EDTA addition and boiling. Reverse
transcription products were detected by PCR using oligonu-
cleotides specific for early, intermediate, or late (2)ssDNA
(Fig. 1, probes P1 and P2, S1 and P2, and D1 and D2, respec-
tively). The products of these PCRs were separated on poly-
acrylamide gels and analyzed on a PhosphorImager. Virions
incubated without dNTPs did not synthesize appreciable levels
of (2)ssDNA, and (2)ssDNA levels increased roughly propor-
tionally with increasing virus and dNTP concentrations (Fig.
2B). The amount of (2)ssDNA detected in NERT-PCR assays
reached ;20% of maximum in the first 5 min and then in-
creased in an almost linear fashion during the first 180 min
(Fig. 2A). This long temporal linear range may be due to
complex differences within the virus population, such as differ-
ences in virion maturity. Control PCR using a plasmid con-
taining the target DNA sequences demonstrated that the PCR
response was linear over a 32-fold range (Fig. 2C).

Effects of nucleoside and nonnucleoside RT inhibitors on
NERT. We tested the effects on (2)ssDNA synthesis by NERT
of various reverse transcriptase inhibitors, including PAA,
PFA, NVP, ddATP, and ddTTP (Fig. 3). These compounds
were selected to represent a range of different mechanisms of
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RT inhibition. The PPi analog PFA inhibits RT by occupying
the PPi binding pocket (7, 43). NVP is a specific noncompet-
itive inhibitor of RT that can bind directly to a hydrophobic
pocket within the enzyme (31), causing a conformational
change that disrupts the catalytic site and blocks its DNA
polymerase activity. Both ddATP and ddTTP are nucleoside
analogs which, when incorporated into a nascent DNA chain
by RT, result in the termination of DNA synthesis. PAA, which
is structurally closely related to PFA, had no effect on NERT
even at millimolar concentrations. In contrast, PFA at 60 and
160 mM decreased total (2)ssDNA levels (measured using
PCR probes S1 and P2) by 75% and by more than 98%,
respectively, compared to uninhibited virus. NVP at 10 to 50
mM inhibited NERT to a similar degree, in agreement with
studies of virus isolated from patients taking NVP (67). Both
ddATP at 10 mM and ddTTP at 50 mM also effectively inhib-
ited NERT. All of the observed reductions in PCR signals
could be attributed to inhibition of NERT, since none of the
drugs tested showed any inhibitory activity against Taq DNA
polymerase (Fig. 3B). We also compared the effects of the
various drugs in our NERT-PCR assay to their effects in a
commercial reverse transcriptase ELISA (Table 1). In general,
the two assays showed similar results, although some com-
pounds were more effective against in vitro reverse transcrip-
tion on a homopolymer template by recombinant HIV-1 RT
than against NERT in intact virions. This observation may
reflect the different nucleotide concentrations used in each
assay, particularly with respect to nucleoside analog inhibitors,
and/or the effect of membrane permeability on intravirion drug
concentration.

Tat and IN inhibitors down regulate NERT. Previous studies
have shown that the drugs Ro24 and Ro5 inhibit Tat-induced
HIV-1 gene expression (20). Since Tat plays a role in reverse
transcription, we tested the effects of these Tat antagonists on
NERT (Fig. 4) and on recombinant RT in vitro (Table 1).
Ro24 decreased (2)ssDNA synthesis in NERT assays (mea-
sured using PCR probes S1 and P2) by ;55% at 200 mM and
inhibited recombinant RT activity in vitro by ;60 and ;85% at
25 and 250 mM, respectively. It therefore appeared that the
observed inhibition of NERT by Ro24 was mediated by direct

activity against RT and was unrelated to Tat antagonist activ-
ity. Ro5 had no effect on NERT and little effect on recombi-
nant RT in vitro (less than 20% inhibition at 250 mM).

Like Tat, HIV-1 IN plays a role in reverse transcription
which is separate from its eponymous role (66). We therefore
tested the effects on reverse transcription of two related IN
inhibitors, curcumin and RA (Fig. 4; Table 1). In in vitro assays
of IN activity, the 50% inhibitory concentration of RA is ;15-
fold lower against 39-processing activity and ;35-fold lower
against strand transfer activity than the 50% inhibitory con-
centration of curcumin (41). RA inhibited the activity of both
NERT and recombinant HIV-1 RT in commercial ELISAs by
;30 to 40% at 100 mM and by ;50 to 60% at 200 mM. This
indicates that the effect of RA on NERT is probably attribut-
able to direct inhibition of RT. We also found that Moloney
murine leukemia virus (M-MLV) RT, in a standard RT assay
using homopolymer template and primer, was inhibited by
high (200 mM) but not by low (#50 mM) concentrations of RA
(data not shown). Curcumin inhibited recombinant RT by only
;30% at 100 and 200 mM and had no effect on NERT.

RT inhibitors display differential inhibition of proximal and
distal (2)ssDNA synthesis. Next, we modified the PCR step in
the NERT-PCR assay to distinguish between early and late
(2)ssDNA synthesis. We assayed NERT DNA products over
two short regions proximal (Fig. 1, probes P1 and P2) and
distal (Fig. 1, probes D1 and D2) to the PBS and compared the
levels of proximal and distal DNA generated by wild-type virus
in the presence of increasing concentrations of various RT
inhibitors. At least three serial dilutions of each NERT reac-
tion mixture were assayed by PCR, and at least two dilutions
with signals that were within the linear range of the assay were
used to generate each data point. Only data sets for which the
standard curve showed a correlation coefficient (r2) greater
than 0.98 were included in the final analyses. The relative levels
of proximal and distal DNA observed in the absence of drug
varied between virus stocks, with distal DNA copy numbers
ranging from 30 to 50% of proximal DNA copy numbers (Ta-
ble 2). This intrinsic termination has not been previously de-
scribed in NERT or any other system, but several studies have
observed that HIV-1 RT is susceptible to pausing along ade-

FIG. 1. Schematic of the PCR strategy to detect and quantitate (2)ssDNA. Regions corresponding to R (11 to 197) and U5 (198 to 1181)
were detected by PCR using oligonucleotide probes as shown. Probes were used to detect and quantitate different regions of (2)ssDNA designated
proximal (oligonucleotides P1 and P2, nt 1132 to 1181), intermediate (oligonucleotides S1 and P2, nt 196 to 1181), and distal (oligonucleotides
D1 and D2, nt 11 to 164) according to their positions relative to the site of reverse transcription initiation. The site of initiation and the direction
of DNA synthesis by RT are indicated by the bent arrow.
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nosine-rich RNA sequences or at stable RNA secondary struc-
tures (9, 18, 34, 55). As expected, increasing concentrations of
inhibitor resulted in increased total inhibition of (2)ssDNA,
with the greatest inhibitory effect on distal DNA levels. Table
2 shows representative data for ddATP and NVP; PFA and
RA gave similar total inhibition patterns, and four to six sep-
arate experiments with each compound gave simular results
(data not shown).

It is clear from these observations that there exists an intrin-
sic termination rate (ITR 5 d0/p0, where d0 is the distal copy
number in the absence of drug [0 mM drug] and p0 is the
proximal copy number in the absence of drug [0 mM drug]),
which describes premature termination in the absence of an
inhibitor and must be taken into account in order to calculate
the degree of inhibition of the distal signal that can be attrib-
uted to drug action. We defined the expected distal value (edvn

5 pn 3 ITR, where edvn is the expected distal copy number at
a given drug concentration [n mM drug] and pn is the proximal
copy number at a given drug concentration [n mM drug]) as the
distal copy number that would be expected in the absence of

FIG. 2. Characterization of the NERT-PCR assay. (A) Virus su-
pernatants containing 0.25 mU of total RT activity were incubated with
200 mM total dNTPs at 37°C for the indicated times and assayed for
(2)ssDNA by PCR using both proximal (P1 and P2) and distal (D1 and
D2 [not shown]) primer pairs (Fig. 1). NERT reaction mixtures were
serially diluted, where necessary, to conform to the linear range of the
PCR assay. All experiments were performed at least three times with
similar results, and results of representative experiments are shown.
(B) NERT assays were carried out using 200 mM total dNTPs and in-
creasing quantities of virus supernatant (0.1, 0.2, 0.4, and 0.8 mU of RT
activity, measured using a commercial homopolymer template RT
assay), or using virus supernatants containing 0.25 mU of RT activity
and increasing total concentrations of dNTPs (0, 5, 10, 50, 100, 250, 500,
and 1000 mM); these assay mixtures were incubated for 90 min at 37°C,
and (2)ssDNA was measured using primers P1 and P2 (Fig. 1). (C)
Analysis of control DNAs, used to quantify the PCR results (r2 5 0.998).

FIG. 3. NERT is inhibited by nucleoside analogs and nonnucleo-
side RT inhibitors. (A) NERT reaction mixtures containing 0.25 mU of
virion RT activity were preincubated for 30 min with RT inhibitors
(PAA, PFA, NVP, ddATP, and ddTTP) at the concentrations indi-
cated (micromolar), or with dimethyl sulfoxide (DMSO) (solvent ve-
hicle for NVP). Then 200 mM dNTP was added to each NERT reac-
tion mixture except as indicated (panel A, -dNTP), and all the mixtures
were incubated at 37°C for 90 min. The reactions were terminated, and
the products were assayed for (2)ssDNA by PCR using primers P1
and P2 (Fig. 1). (B) RT inhibitors or DMSO was added to PCR mix-
tures containing 1,000 copies of proviral plasmid DNA at concentra-
tions slightly higher than were carried over from any of the corre-
sponding NERT assays. All PCR results were within the linear range
of the assay (r2 . 0.99). Experiments were performed at least three
times, and typical results are shown.
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any drug-related termination. This value can then be used to
define the percent inhibition of the distal signal which is due to
drug activity [%D 5 100(1 2 dn/edvn), where dn is the distal
copy number at a given drug concentration (n mM drug)]. Plots
of the percent inhibition of the proximal signal [%P 5 100 (1 2
pn/p0)] and %D against drug concentration (inhibition curves)
revealed differences between the anti-RT compounds tested
(Fig. 5). The inhibitors were examined over concentration
ranges which resulted in similar total levels of inhibition [%T 5
100(1 2 dn/p0)] of NERT, from ;70 to 98%. The proximal and
distal inhibition curves of both PFA and ddATP showed a
regular hyperbolic concentration dependence consistent with a
single binding site {I 5 Imax [c/(c 1 kd)], where I is the percent
inhibition [%P or %D], Imax is the maximal percent inhibition
expressed as a percentage, c is the micromolar drug concen-
tration and kd is the micromolar dissociation coefficient}. Re-
gression analysis showed that the PFA and ddATP inhibition
curves fit this expression with correlation coefficients (r2) of
;0.98 to 0.99 in all cases. Consistent with its known activity as
an inhibitor of the RT elongation reaction, ddATP effected

greater inhibition of late than of early DNA synthesis (Fig.
5A). A similar but even more marked effect was observed for
PFA: maximal inhibition (Imax) of ddATP proximal and distal
inhibition curves and of PFA distal inhibition curves was ap-
proximately 100%, but Imax of PFA proximal inhibition curves
ranged from 50 to 70% in five independent assays (Fig. 5B and
data not shown). These data distinguish the effects of PFA
from inhibition by dideoxynucleotides and suggest that PFA is
a relatively weak inhibitor of RT which requires many rounds
of nucleotide addition to achieve complete termination of re-
verse transcription.

NVP concentrations as low as 0.25 mM inhibited reverse
transcription by more than 80%, and ;95% inhibition was
observed at NVP concentrations of 4 mM or higher (%T [Fig.
5C; Table 2]). Like ddATP and PFA, NVP proximal inhibition
curves were accurately (r2 . 0.99 for two separate experiments
and ;0.96 for a third data set) described by a hyperbolic
binding curve, suggesting a single binding site (see above). In
contrast, NVP distal curves were most accurately (r2 . 0.99 in
all cases) described by the addition of an expression describing
nonspecific inhibition {I 5 Imax [c/(c 1 kd)] 1 mc, where m is
a nonspecific inhibition coefficient} (Fig. 5E). The nonspecific
component was most apparent at concentrations of NVP (1 to

FIG. 4. NERT is inhibited by anti-Tat and anti-IN compounds. (A
and B) NERT reaction mixtures containing 0.25 mU of virion RT
activity were preincubated for 30 min with solvent (DMSO) or with
Ro24, Ro5, RA, or curcumin at the concentrations indicated (micro-
molar). The reaction mixtures were supplemented with 200 mM dNTP,
except as indicated (panel A, -dNTP) and incubated at 37°C for 90
min, the reactions were terminated, and the products were assayed for
(2)ssDNA by PCR using primers P1 and P2 (Fig. 1). (C) RT inhibitors
or DMSO was added to PCR mixtures containing 1,000 copies of pro-
viral plasmid DNA at concentrations slightly higher than were carried
over from any of the corresponding NERT assays. All PCR results
were within the linear range of the assay (r2 . 0.99). Experiments were
performed at least three times, and typical results are shown.

TABLE 1. Comparison of inhibition in NERT and
homopolymer RT assays

Inhibitor Inhibitor concn
(mM)

% Inhibitiona by:

ELISA NERT

NVP 10 87 6 12 77 6 11
100 99 6 2 100

PFA 30 98 6 3 45 6 5
300 98 6 2 100

PAA 70 0 6 1 0
700 9 6 2 0

2,800 42 6 4 0

ddATP 10 NTb 71 6 6
100 NT 100

ddTTP 10 99 6 1 70 6 5
100 100 100

Ro 5-3335 20 NT 0
25 6 6 5 NT

200 NT 0
250 19 6 8 NT

Ro 24-7429 20 NT 32 6 9
25 62 6 16 NT

200 NT 56 6 5
250 84 6 19 NT

RA 10 16 6 3 26 6 9
100 30 6 7 44 6 13
200 50 6 4 62 6 4

Curcumin 12.5 18 6 10 0
100 29 6 12 0
200 29 6 13 0

DMSO ;1% (vol/vol) 0 0

a Data are shown as average 6 standard deviation from at least three separate
experiments. Percent inhibition was calculated as 100(1 2 Sn/S0), where Sn and
S0 represent the PCR signals in the presence of n and 0 mM drug, respectively.
Proximal or intermediate PCR primer pairs were used in all cases.

b NT, not tested.
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8 mM) sufficient to saturate the well-characterized hydrophobic
binding pocket (kd 5 0.025 mM) which is believed to mediate
the specific effect of NVP (53), suggesting that the nonspecific
inhibition does not involve this site. The nonspecific compo-
nent was not apparent in the proximal data, probably because
primer P1 is less than 60 bp from the PBS: the observed effect
of nonspecific interference with NERT would be expected to
increase with distance from the PBS. Whereas NVP proximal-
inhibition curves showed maximal theoretical inhibition levels
(Imax) of 80 to 90% in each of five different experiments (Fig.
5 and data not shown), the Imax of the portion of distal inhi-
bition which was described by a regular hyperbolic expression
(see above) was only 30 to 40% (Fig. 5E, dashed line). These
experiments suggest that in NERT, the elongation reaction is
somewhat resistant to inhibition by NVP. For example, NVP at
0.5 mM inhibited proximal DNA synthesis by ;50%, but drug
action inhibited further DNA synthesis by only ;33%. In other
words, once proximal DNA was completed, ;33% of the elon-
gation reactions was further inhibited by NVP (Fig. 5C). Both
ddATP and PFA had much greater downstream effects, inhib-
iting further DNA synthesis by ;67 and ;86%, respectively, at
concentrations resulting in ;50% inhibition of proximal DNA
synthesis (Fig. 5A and B). A single binding event which af-

fected elongation would be expected to result in greater
inhibition of late than of early (2)ssDNA synthesis, as was
observed in ddATP and PFA inhibition curves. The two hyper-
bolic NVP inhibition curves (proximal and distal specific)
therefore appear to represent different inhibitory effects and
are consistent with a model in which NVP exerts a strong in-
hibitory effect on very early events (initiation or the initiation-
elongation switch) and a weaker effect on the elongation re-
action, in addition to nonspecific interference with enzyme
activity.

The level of inhibition of NERT by RA, whose described
antiviral target is HIV-1 IN, was lower than that observed for
the other RT inhibitors (Fig. 5D, %T). Total NERT inhibition
(%T) was 75 and 98% at 50 and 200 mM RA, respectively.
Inhibition of proximal DNA synthesis showed hyperbolic con-
centration dependence (see above), with Imax values of 87 and
91% in two independent assays (r2 5 0.99) and 73% in a third
assay (r2 5 0.97). RA at concentrations up to 50 mM inhibited
proximal DNA synthesis by up to 40% but had no additional
inhibitory effect on distal DNA synthesis (indicating that these
concentrations of RA did not affect the RT elongation reac-
tion) in three independent assays. In two other assays, how-
ever, we observed up to 20% inhibition of distal DNA synthesis
in addition to the proximal inhibition. Higher concentrations
of RA caused variable levels of inhibition, but 200 mM RA
inhibited distal DNA synthesis by 86 to 100% in five indepen-
dent NERT-PCR assays, and this concentration of RA also
inhibited Moloney murine leukemia virus RT in a standard RT
assay using homopolymer template and primer (data not shown).
These results are similar to those observed for NVP and indi-
cate that RT which completed proximal (2)ssDNA was nearly
resistant to further inhibition by RA at concentrations up to 50
mM. While these experiments cannot precisely map termina-
tion, the data are consistent with direct inhibition of either
reverse transcription initiation or the switch to elongation.

DISCUSSION

DNA synthesized within intact HIV-1 virions is the product
of partial reverse transcription that can be influenced by phys-
iological environments (39, 58). For example, seminal fluid,
which contains high levels of dNTPs, stimulates negative-
strand DNA synthesis, while virus isolated from infected pa-
tients taking NVP contains diminished levels of intravirion
DNA compared to virus obtained before therapy (69, 70). In
the present study, we used a quantitative NERT-PCR assay
that directly measured the effects of RT inhibitors on early
reverse transcription in intact virus particles. We have pro-
vided experimental evidence, for the first time using intact
virus, that both NVP and RA (a previously identified HIV-1 IN
inhibitor) can inhibit very early reverse transcription, with the
most likely targets being initiation or the switch from initiation
to elongation.

In the present study, we have not examined whether the
effects of NVP and RA during NERT are identical to the
effects of these drugs during cell infections by HIV-1. Difficul-
ties in accurately controlling the many additional variables in a
cellular system, particularly intracellular concentrations of RT
inhibitors, render such experiments technically difficult, espe-
cially with respect to detailed analysis of inhibitory effects on

TABLE 2. Inhibition of NERT

Compound PCR probesa Concn (mM) of
compound

% Uninhibited
copy numberb

ddATP Proximal 0 100 6 1.90
0.5 96.5 6 2.51
1 67.3 6 3.84
2 68.0 6 1.50
4 40.5 6 0.53
6 37.4 6 1.75
8 30.0 6 1.35

Distal 0 32.2 6 1.64c,d

0.5 18.3 6 0.64c

1 13.3 6 0.59c

2 8.72 6 0.50c

4 4.1 6 .013c

6 3.8 6 .017c

8 1.49 6 0.15c

NVP Proximal 0 100 6 3.6
0.5 73.3 6 1.7
1 63.9 6 4.5
2 53.5 6 0.75
4 41.8 6 0.37
6 36.8 6 2.2

Distal 0 42.7 6 2.7c,d

0.5 23.0 6 1.5c

1 18.2 6 0.56c

2 13.4 6 0.67c

4 5.7 6 0.41c

6 2.7 6 0.51c

a Primers shown in Fig. 1.
b Data are shown as average 6 standard deviation from at least two PCR

amplifications of serially diluted NERT assays. Copy numbers are expressed as
percentages of the copy number measured in the absence of inhibitor with
proximal primers (P1 and P2). These data are representative of four (ddATP) or
five (NVP) independent NERT-PCR assays.

c These values, like %T, include intrinsic termination effects.
d Independent virus stocks with different, but internally consistent, levels of

intrinsic termination were used for ddATP and NVP inhibition assays.
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FIG. 5. NERT inhibition curves for nucleoside analogs and nonnucleoside compounds. (A to D) NERT assays were carried out in the presence
of increasing concentrations of four different inhibitors: ddATP at 0.25, 0.5, 1, 2, 4, and 8 mM (A); PFA at 3, 6, 9, 12, 15, and 18 mM (B); NVP
at 0.25, 0.5, 1, 2, 4, and 6 mM (C); and RA at 10, 25, 50, 100, and 200 mM (D). Each NERT reaction product was assayed for (2)ssDNA by PCR
using either the proximal (P1 and P2) or the distal (D1 and D2) DNA primer pair (Fig. 1). Total inhibition (%T; dotted line, solid circles), proximal
inhibition (%P; dotted line, open circles), and distal inhibition (%D; solid line, open squares) were calculated and plotted against drug concen-
trations. All of the proximal inhibition curves were accurately described by regular hyperbolic expressions (see the text), as were the distal inhibition
curves for ddATP and PFA. The expression which best fit the NVP distal inhibition curve, however, included an additional component describing
nonspecific interaction (see the text). (E) The specific (hyperbolic, dashed line) and nonspecific (linear, dotted line) components of the NVP distal
inhibition curve (solid line, open squares). Three to five independent experiments were performed with each drug, and representative results are
shown.
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early and late (2)ssDNA synthesis. Others have shown, how-
ever, that endogenous RT assays can accurately reveal syner-
gies of drug-resistant RT genotypes previously observed in vivo
(8, 45). Our comparisons of reverse transcription initiation
defects observed in viruses carrying mutations in either the tat
gene (60) or the TAR RNA element (15) have demonstrated
that NERT provides an accurate model of early reverse tran-
scription.

Biochemical analysis of in vitro reverse transcription has
shown that the initiation of reverse transcription can be dis-
tinguished from the subsequent elongation reaction (24, 33).
Initiation of reverse transcription is regulated by complex in-
teractions between the cellular tRNA3

Lys, RT (3, 44), NCp7 (35,
36), and the RNA genome containing the PBS and 39-flanking
RNA sequences, U5 (21, 23), and the TAR RNA element (6,
15). The initiation reaction is characterized by early pausing
(18, 29, 33), which is more prominent at low concentrations of
dNTPs (37), so that reverse transcription elongation appears to
be induced under conditions that favor the completion of pro-
viral DNA synthesis. NVP, which binds within a hydrophobic
pocket near the catalytic site of RT (32), inhibits the initial
“burst” of polymerization in vitro (53); in the presence of
bound NVP, dNTPs bind tightly but nonproductively to RT,
resulting in a decreased rate of polymerization. In the present
study, we compared the effects of different antiviral com-
pounds on (2)ssDNA synthesis in intact virus. Induction of
reverse transcription with 200 mM dNTP in the absence of any
inhibitors revealed a high level of intrinsic termination, ranging
from 50 to 70% in different virus stocks. To our knowledge,
this phenomenon has not been previously described. Pause
sites in (2)ssDNA have been mapped in vitro and are en-
hanced at adenosine-rich RNA regions (18) and stable RNA
stem-loop structures (65), such as the TAR element and the
poly(A) stem-loop (29), that can dislodge RT from the RNA
template. Less efficient elongation in NERT could be due to
several reasons, such as a postinitiation reorganization of the
genomic RNA-tRNA3

Lys complex, uncoating, or other viral
and cellular factors. While others have shown that truncated
(2)ssDNA can complete the first strand jump of reverse tran-
scription, the efficiency of such strand transfers is reduced
relative to that of transfers involving full-length or near-full-
length (2)ssDNA (30, 38, 46, 64). Together, these observa-
tions suggest that postentry events are probably required for
optimal (2)ssDNA synthesis and complete reverse transcrip-
tion.

As might be expected of RT elongation inhibitors, the nu-
cleoside analog ddATP and the PP; analog PFA both effected
greater inhibition of distal DNA synthesis than of synthesis
near the reverse transcription initiation site. In contrast, por-
tions of the inhibition curves for both NVP and RA showed
greater effects at or near the initiation site than downstream.
RA exhibited little or no inhibition of distal DNA synthesis (in
excess of the inhibitory effect observed on proximal DNA) at
concentrations up to 50 mM. The specific effect of NVP on
distal DNA synthesis was relatively weak and appeared to
reflect a different inhibitory effect from that which was evident
in NVP proximal inhibition curves. These results are consistent
with inhibition of very early events in NERT, such as reverse
transcription initiation or the switch from initiation to elonga-
tion, and suggest that both RA and NVP act on targets within

the RTIC. Binding of NVP to RT is known to induce confor-
mational change in the enzyme (32) in addition to inhibiting
the elongation reaction (52). This conformational change may
also reduce the ability of RT to function within the RTIC.
Recently, it was shown that zidovudine (AZT), a known elon-
gation inhibitor, has different inhibitory effects on initiation
and elongation reactions (48). This was attributed to an ap-
parent resistance to removal of incorporated AZT by pyro-
phosphorolysis during the initiation, but not the elongation,
reaction. Our data suggest that NVP and RA also have distinct
inhibitory effects during these phases of reverse transcription.

In these experiments, nonspecific inhibition of the elonga-
tion reaction by NVP, which has not been previously described,
was observed in five of five independent NERT assays. The
inhibition of distal DNA synthesis by NVP (Fig. 5C) gave a
characteristic concentration dependence pattern, a regular hy-
perbolic binding curve on a sloping baseline, that has been
previously observed (reviewed in reference 62). When mathe-
matically separated, the nonspecific component is represented
by a straight line that passes through zero and the remaining
curve is a regular hyperbola (Fig. 5E). Inhibition of proximal
DNA synthesis by NVP probably arises from the binding of
NVP to the previously characterized hydrophobic binding
pocket adjacent to the active site of RT (32, 47). The non-
competitive, specific proximal inhibition never reached 100%
(Imax , 90%), indicating that the nonspecific mechanism de-
scribed here contributes significantly to the total inhibition by
NVP during NERT, particularly at concentrations above the kd

of the known binding site. It is possible that NVP increased the
intrinsic termination rate in NERT reactions. NVP does not
block nucleotide binding to RT but makes this an unproductive
event that could lead to increased pausing (53). Such a mech-
anism may in fact account for the relatively weak (Imax 5 30 to
40%) specific component of distal inhibition, but the mecha-
nism underlying the nonspecific component remains unclear
and is the subject of a new investigation.

The nature of the RTIC is not fully understood. Many viral
factors affect reverse transcription; Nef (1, 50) and Vif (11, 12,
42, 51) seem to affect reverse transcription during virus particle
formation or uncoating or by affecting RNA structure (10, 71),
while IN (40, 59, 66) and Tat (17, 60) are required for efficient
initiation of reverse transcription, and NCp7 greatly increases
the efficiency of the initiation reaction (36, 49) and improves
transcript elongation by destabilizing RNA secondary struc-
tures (14, 26). Following entry into the cytoplasm, a number of
viral proteins including MA, Vpr, IN, and RT form large,
dynamic nucleoprotein complexes that carry out reverse tran-
scription and direct the nuclear import of the newly synthe-
sized provirus (5, 19). Whether these or other factors cooper-
ate in an RTIC, which may be distinct from an elongation
complex, is under investigation. For example, virus lacking the
Tat protein (Dtat) shows no obvious structural or biochemical
defects but is defective (relative to wild-type virus) for early
(2)ssDNA synthesis by NERT (17). Interestingly, Ro24, which
has been reported to inhibit transactivation by Tat of RNA
polymerase II-mediated transcription (4, 20), directly inhibited
RT in the present study. Recent studies revealed that IN-
defective HIV-1 failed to initiate reverse transcription effi-
ciently (66); as has also been observed in Dtat HIV-1, this
function could be rescued by supply of the missing protein in
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trans. Our data show that the IN inhibitor RA can inhibit
NERT. Although RA directly inhibited RT in both ELISA and
a NERT assay, experiments are in progress to determine
whether RA and IN interact with a common domain of RT.

In the present study, NERT-PCR assays discriminated be-
tween the anti-initiation and antielongation effects on viral
DNA synthesis of PFA, ddATP, NVP, and RA and indicated
that both NVP and RA directly targeted very early reverse
transcription in intact virions. In addition, we describe for the
first time a significant nonspecific component, whose mecha-
nism of action is unknown, of the inhibition of RT by NVP in
NERT assays. The NERT-PCR method has distinct advan-
tages over in vitro systems in the testing of antiviral com-
pounds, since all of the cell-derived and viral factors and struc-
tural elements that contribute to initiation are present in the
intact virus. It seems likely that novel compounds which target
either RT or other components of the RTIC could be identi-
fied and their activities could be optimized using this strategy.
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